Purpose Minimally invasive or ''minimal access surgery'' (MAS) is being utilized with increasing frequency to reduce approach-related morbidity in the lumbar spine. This paper describes our minimal access technique for posterior bilateral transforaminal lumbar interbody fusion (TLIF) and spinal instrumentation in a patient with highgrade spondylolisthesis grade (Myerding Grade III) with 5-year follow-up. Methods A 24-year-old lady presented with mechanical back pain and left leg L5 radiculopathy. On examination, she was a thin lady with an obvious step deformity in the lower lumbar spine and otherwise, a normal neurological examination. Imaging showed a grade III isthmic L5-S1 spondylolisthesis with foraminal stenosis and focal kyphotic alignment of 20°[slip angle (SA) = 70°]. Conservative measures had failed, and a decision was made to proceed with a MAS-TLIF approach. Results The estimated blood loss was less than 100 ml, operating time 150 min, and post-operative hospital stay was 4 days. Post-operatively the patient had significant improvement of back and radicular pain. Improvement in ODI was substantial and sustained at 5 years. A solid fusion was achieved at 8 months. The slip percentage improved from 68 % (pre-op) to 28 % (post-op) and the focal alignment to 20°lordosis (SA = 110°). Conclusions A MAS approach for selected patients with a mobile high-grade spondylolisthesis is feasible, safe and clinically effective, with the added benefit of reduced softtissue disruption. Our result of this technique suggests that the ability to correct focal deformity, and achieve excellent radiographic and clinical outcome is similar to the open procedure.
4 years her back pain and left leg pain had increased. On examination, she was a thin lady with an obvious step deformity in the lower lumbar spine and otherwise, a normal neurological examination.
Diagnostic imaging section
Imaging, including dynamic films ( Fig. 1) , showed a grade III isthmic L5-S1 spondylolisthesis with foraminal stenosis (left worse than right) and a 20°focal kyphotic alignment or lumbosacral slip angle (SA) = 70° (Fig. 2) . The lumbosacral SA is the angle formed by a line drawn parallel to the superior aspect of the L5 vertebra and a line drawn perpendicular to the posterior aspect of the body of the first sacral vertebra (normal range 90-110°) [1] . Conservative measures had failed, and a decision was made to proceed with minimal access surgery (MAS), involving decompression, interbody fusion [transforaminal lumbar interbody fusion-(TLIF)] and instrumented stabilization.
Historical review, epidemiology, diagnosis, pathology, differential diagnosis
Isthmic spondylolisthesis is a common spinal entity that exists in up to 7-8 % of the population [2] . It can cause disabling mechanical low back pain and/or radicular leg pain [2] . Surgical treatment of spondylolisthesis in adults frequently consists of decompression of neural structures combined with instrumented fusion using pedicle screws and bone graft. High-grade (Myerding Grade III-IV) spondylolisthesis is often associated with dysplastic or congenitally anomalous spinal anatomy and complex threedimensional deformity [3] [4] [5] [6] . Consequently, surgical treatment, particularly when considering instrumentation, is very technically demanding and often necessitates the use of intra-operative imaging such as a fluoroscope. More recently, in an effort to further reduce operative morbidity, minimally invasive posterior fusion techniques have been introduced. These techniques essentially utilize a muscle splitting approach with specialized retractors and instruments to perform standard open procedures in a less invasive manner [7] [8] [9] [10] [11] .
The objective of this report is to describe our technique with the use of a minimally invasive or perhaps more appropriately termed ''less invasive or minimal access surgery'' for a grade III isthmic spondylolisthesis.
Rationale for treatment and evidence based literature
Many patients with high-grade spondylolisthesis suffer from mechanical low back pain with or without radicular leg pain. The radicular pain is caused by either nerve root compression and/or traction of nerve roots especially, the L5 nerve roots [12] . Treatment of high-grade spondylolisthesis is a controversial subject, but most surgeons consider surgical treatment for patients with severe mechanical back and/or radicular pain after adequate conservative treatment. Which surgical treatment is appropriate for this condition is also a matter of some disagreement and a detailed discussion about different surgical treatments is outside the scope of this paper.
In brief, due to significant focal kyphosis, high-grade slips are typically associated-high-shear stresses at with the lumbosacral junction. In addition the slipped vertebra is often difficult to access for instrumentation or bone grafting. These factors result in a significantly higher risk of non-union and instrumentation (if used) failure. A variety of surgical options have been utilized to reduce the nonunion rate such as extension of the in situ fusion one or two levels above the slip, specialized lumbo-sacral instrumentation (transvertebral screw fixation, intrasacral rod, and iliac wing fixation), and/or reduction techniques [11] [12] [13] [14] [15] [16] [17] [18] . It is sufficient to say that these different techniques have individual and combined merit in the treatment of this anatomically complex condition. Due to variable anatomical and clinical presentation, an individualized treatment plan based on the patients' specific anatomical and clinical characteristics, the surgeons experience and the available supporting literature is appropriate.
The rationale for a minimally invasive surgical technique is to reduce the approach-related muscular morbidity and it is imperative that it is clinically as effective as the more conventional open procedure, and ultimately superior with respect to peri-operative pain, recovery, and patient satisfaction if it is to be widely accepted. Over the last decade, posterior minimal access spinal surgery has gained significant momentum [19] [20] [21] .
Whilst many studies have reported radiographic outcome following surgery for high-grade spondylolisthesis, objective outcome scores are lacking. Lamberg and colleagues [22] performed long-term analysis on different techniques for uninstrumented fusion for high-grade slips in adolescents. They reported a mean ODI of 9.7 (posterolateral fusion group), 8.9 (anterior fusion group) and 3.0 (circumferential group) at an average follow-up of 17.2 years. The mean ODI in our patient improved from 62 % to a mean of 22 % at 5 years follow-up. However, in the absence of pre-operative scores in the aforementioned study, and a different patient population (i.e. the majority of literature on high-grade spondylolisthesis involves a pediatric population) any comparison is to be cautiously interpreted. A reduction of 40 % in our ODI scores reflects a substantial clinical improvement in our case [23] . Our estimated blood loss (EBL) (less than 100 ml), operating time (150 min) and post-operative hospital stay (4 days) are comparable to Shufflebarger and Geck's study [24] of a Gill distraction, PLIF and posterior instrumentation in adolescent high-grade isthmic dysplastic spondylolisthesis (EBL 650 ml, OR time 3.6 h and post-op hospital stay of 6 days). However, the chronic changes that have occurred within a much older adult population make direct surgical comparison difficult. For example, within the senior author's institution, for low-grade spondylolisthesis there is a greater than 500 ml difference in EBL between open and MIS fusion [25] . This is consistent with the recent study by Goyal [26] , where the authors reported an average EBL of 1,092 ml in a series of 13 patients undergoing open TLIF for mid to high-grade isthmic spondylolisthesis. Regarding length of stay (LOS), comparison from a socialised health system to that of different system (e.g. private) is not valid. The LOS for this high-grade patient is the same as for our low-grade spondylolisthesis MIS fusions which is in turn 3 days shorter compared to open [25] .
Radiographic comparisons, however, are more comparable. The slip percentage in our patient improved from a pre-op 68 % to 28 % at 5 years follow-up. This radiographic improvement is similar to reports from open techniques. Goyal et al. [26] , found an average anterolisthesis improvement from 51 % to 17 % at final follow-up (average 21.5 months) with instrumented reduction and TLIF.
There were no neurological or structural complications in our patient comprising of single level pathology without atypical features. Furthermore, clinical and radiographic success achieved with mono-segmental fusion compared to multi-level open procedures described in the Goyal series [26] . A possible explanation for this is that the paramedian approach gives better access to the L5 pedicle enabling a more medial anatomic screw trajectory and the screw sizes were maximized after reduction. In addition this approach provides significantly less muscle retraction and morbidity [27] [28] [29] , that has been shown to have positive effects on post-operative trunk muscle performance and hence possibly improved local dynamic stability [29] .
For high-grade cases, where pedicular anatomy is not suitable for safe pedicle instrumentation or dysplastic lumbo-sacral anatomy would preclude a reasonable expectation of safe partial reduction
Procedure
The general posterior techniques for a MAS approach have been previously described in the literature [7, 8] . The following is a technical description as it applies to high-grade spondylolisthesis. The patient was positioned on a radiolucent spine table with a hyper extended posture. In order to reduce radiation exposure, our preference is to use C-arm fluoroscopy in combination with two-dimensional image-guided navigation for localization, pedicle screw placement and disc preparation [9] . Use of this technique has been previously described and is not the focus of this paper [7] [8] [9] [10] and will be referred to as ''imaging'' for the remainder of the manuscript (i.e. technique can be preformed with or with out computer assistance).
Firstly, 3-cm paramedian incisions are made 4-5 cm from the midline (a more lateral starting point is utilized for larger patients) over the affected level. The underlying lumbosacral and paraspinal muscle fascia is split in line with the incision and blunt finger dissection identifies the intermuscular plane between multifidus and longissimus muscles. The appropriate facet is identified and confirmed with imaging. A MAS retractor is then placed directly over the facet (we use the Quadrant TM or MetRx fixed 22 mm tubular Retractors, Medtronic-Sofamor Danek, Memphis, TN, USA). As these surgeries are performed at a university teaching center, an operating microscope is used for illumination and to allow visualization for the entire team. Alternatively, loupes and a fiberoptic light source can be used.
The muscular attachment to the facet is released and the bony facet is completely exposed using a monopolar cautery. Using a series of bayoneted-long spinal instruments (MetRx TM ) as well as osteotomes bilateral facetectomies are performed through the MAS operative corridors as per an open TLIF or a posterior lumbar interbody fusion (PLIF). For grade III or IV high-grade listhesis, a bilateral facetectomy approach is used, otherwise a unilateral facetectomy approach is used for lower grades. For higher grade listhesis, the exiting and traversing nerve roots are both exposed (neurolysis is performed as required) and protected.
For high-grade spondylolisthesis cases the exiting nerve root is typically directly over the disc space. This necessitates, working a little more inferior and medial compared to a standard TLIF with some retraction of the traversing root (i.e. disc entry is somewhere between a TLIF and PLIF). Disc entry is also difficult due to the degree of spondylolisthesis, complete disc space collapse and formation of posterior traction osteophyte at the caudal vertebrae. Entry into the disc space was performed by a fluoroscopically guiding a 6 mm osteotome or thin/sharp distraction blade line up just above and parallel to the caudal pedicle (annulus-endplate junction) and endplate respectively. The osteotome/distraction blade is driven through the base of osteophyte into the disc space until the tip is at least 1-cm beyond the posterior aspect of the cephalad translated vertebrae. It is then rotated 90°to its taller dimension and left in situ until the contralateral disc space is entered (see distraction below). These techniques enable the annulus and the overlying nerve to be simultaneously lifted away. The annulus is left as a flap that protects the exiting root throughout the case. This initial distraction facilitates the contralateral disc space exposure and entry.
The procedure is then repeated on the other side through a similar 3 cm paramedian incision. Sequential distraction of the disc space is then carried out with intradiscal distraction blades until adequate tension of the annulus is felt or a maximum size implant that is safely passable within the confines of the neural exposure is reached [11] . During distraction an aggressive bilateral discectomy is performed, including release of the posterolateral annulus and osteotomy of the anterior cephalad endplate. The latter is performed with live fluoroscopic images. Symmetric disc space distraction reliably corrects focal sagittal or coronal deformity and typically results in partial correction of the listhesis by one grade. The goal in such a patient with highgrade spondylolisthesis is to correct the focal kyphosis and to reduce translation to a minimum of grade I to enable safe placement of the interbody devices (i.e. adequate anterior to posterior coverage of the implant by both endplates).
Spondylolisthesis reduction screws (Legacy, MedtronicSofamor Danek, Memphis, TN, USA) were then placed with imaging assistance in the cephalad vertebrae and standard multi-axial screws (7.5 mm diameter, bicortical screws at S1) in the caudal vertebrae. Compared to a midline approach, the paramedian approach facilitates easier access to the L5 pedicles screw entry point and provides the ideal trajectory (Fig. 2) . The rod is placed and the caudal screw is locked with the cephalad portion of the rod 1-1.5 cm above the base of the cephalad screw. The reduction is performed with the use of spondylolisthesis screws with the distraction blades in situ. The blades act as parallel tracts to slide the translated vertebrae back on the stable vertebrae. Once adequate reduction is achieved, the screws are locked and the procedure is continued as below.
One distractor as well as the corresponding rod and the ipsilateral cartilaginous endplate were removed. Morselized, local autogenous bone graft is packed anteriorly. Adequate bone graft to fill the cages and disc space is usually obtained from the decompression; if more is required then it can be obtained from further removal of the lamina and base of the spinous process. In our case, the offlabel use of recombinant bone morphogenic protein two (rhBMP2, Infuse, Medtronic-Sofamor Danek, Memphis, TN, USA) was also used. A small kit was utilized with the absorbable collagen sponges (ACS) placed inside the cages. No posterolateral bone grafting was performed.
The appropriate size interbody device is then placed with its profile orientated such that the smallest amount of neural retraction is performed. A lordotic shaped device is preferred to improve focal sagittal disc space alignment. Due to possible loosening of the reduction screw during the reduction process, the cephalad screw is replaced by a larger diameter screw (5.5 mm diameter screw is placed initially and replaced with a 6.5-or 7.5-mm screw as tolerated). The process is then repeated on the contra-lateral side. The final screws and interbody graft are shown in Fig. 3 and mid-sagittal and axial CT scan (Fig. 4) shows that a complete laminectomy was not done (i.e. we performed bilateral facetectomy leaving the remaining upper lamina L5). Appropriate hemostasis is ensured and a layered (muscular and lumbosacral fascia) closure is performed. The EBL was less than 100 ml, operating time 150 min, and post-operative hospital stay was 4 days. (Fig. 5) . She had the pedicle screws/rods removed at the 1-year stage due to prominence and continues to do well at 5 years with maintained radiographic alignment (Fig. 5) .
In conclusion, a minimal access reduction and fusion technique is feasible, safe and clinically effective for selected adults with mobile high-grade spondylolisthesis. We have used this technique in at least another four patients. Furthermore, our results suggest that for highly selected cases, a less invasive technique can adequately correct focal deformity and achieve radiographic fusion rates similar to reported results from open techniques. The slip percentage improved from 68 % (pre-op) to 28 % (post-op), and the slip angle from 70°(20°kyphotic) to 110°(20°l ordotic). She had the pedicle screws/rods removed at the 1-year stage due to prominence and continues to do well at 5 years with maintained radiographic alignment and complete ossification of the disc space
